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Divergence	 in	 sexual	 signals	 due	 to	 differential	 targets	 of	 female	
preference	may	explain	apparent	morphological	differences	among	
recently	diverged	populations	and	subspecies,	and	population	struc‐












(Candolin,	 2003;	 Maan	 &	 Seehausen,	 2011).	 Therefore,	 variation	
in	sexual	traits	between	populations	may	depend	on	year,	because	
















pressures	 among	 subspecies	 (Vortman	 et	 al.,	 2013;	Wilkins	 et	 al.,	
2016).	 For	 example,	 the	 Israeli	H. r. transitiva	 subspecies,	which	 is	
characterized	 with	 dark	 ventral	 plumage,	 experiences	 directional	
selection	 for	 darker	 plumage.	 Similarly,	 the	 European	H. r. rustica,	
which	has	 the	 longest	 tail	 feathers	of	any	subspecies,	experiences	
directional	selection	for	elongated	tail	feathers	(Møller	et	al.,	2006;	
Wilkins	et	al.,	2016).	 In	completion	of	this	and	other	observational	

































in	 populations	 toward	 lower	 latitudes	 situated	 in	 the	 proximity	 of	
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may	possibly	affect	the	magnitude	of	admixture	with	H. r. transitiva 
and	separate	from	more	westerly	and	southerly	H. r. rustica.	We	use	
the	 data	 collected	 from	 these	 two	 populations	 to	 investigate	 the	
relative	importance	of	sexual	selection	in	phenotypic	expression	of	
two	putative	secondary	sexual	traits.	Collectively,	1,204	measures	
were	 taken	 from	 828	 individuals	 over	 seven	 and	 eight	 years,	 re‐
spectively,	 from	the	Czech	Republic	 (Central	Europe)	and	Romania	









and	 female	barn	 swallows.	We	calculated	 selection	on	 these	phe‐
notypic	traits	for	both	sexes	to	give	an	estimate	for	the	difference	
between	sexes,	which	can	be	a	proxy	of	the	strength	of	sexual	se‐





2  | MATERIAL AND METHODS
2.1 | Field methods
We	 studied	 barn	 swallows	 breeding	 at	 two	 populations	 lo‐
cated	 within	 the	 Třeboňsko	 Protected	 Landscape	 Area	 in	 South	
Bohemia	 (Doudlebia,	 Czech	Republic)	 and	 in	Cojocna	 village	 (cen‐
tral	Transylvania,	Romania)	over	eight	(2010–2017)	and	seven	years	
(2011–2017),	 respectively.	Nests	 from	 the	Czech	 population	were	
located	 at	 two	 isolated	 farms	 (Šaloun,	 Lomnice	 nad	 Lužnicí	 and	
Hamr,	Lužnice;	Petrželková	et	al.,	2015)	where	barn	swallows	breed	
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for	the	Romanian	populations,	and	had	not	been	captured	as	adults	
in	the	previous	year,	could	be	assumed	to	be	1‐year‐old	individuals	
at	 their	 first	 breeding	 season.	 Immigrating	 from	 colonies	 outsides	
our	study	area	was	rare,	except	in	rare	cases	when	they	were	local	
recruits	(i.e.,	individuals	that	were	ringed	as	nestlings	at	the	studied	
population,	 allowing	us	 to	directly	determine	 their	 age).	We	could	
thus	 categorize	 age	 in	 all	 breeding	 birds	 as	 1‐year‐old	 (hereafter	
first‐time	breeders)	or	more	than	1‐year‐old	(hereafter	experienced	
birds)	except	for	the	first	study	year,	when	aging	was	not	possible.	
Therefore,	 the	data	 from	the	 first	study	year	 (2010	for	Czech	and	
2011	 for	 the	Romanian	population)	were	excluded	 from	all	 subse‐
quent	analyses.
2.2 | Feather measurements




reflectance	 of	 these	 feathers	 was	 measured	 with	 a	 spectrometer,	
model	 AvaSpec	 2048	 (Avantes,	 Netherlands),	 and	 an	 AvaLight‐XE	
(Avantes,	Netherlands)	was	used	as	a	light	source.	The	sensing	head	
of	the	spectrometer	was	modified	by	using	of	self‐made	adapter	that	

























We	 tested	 whether	 phenotypic	 traits	 and	 laying	 date	 differed	
among	populations,	 sexes	and	age	categories	by	building	 separate	











(tail	 length,	 ventral	 coloration),	 for	 each	 population,	 age	 group,	
and	sex,	following	Lande	and	Arnold	(1983)	and	(Brodie,	Moore,	&	
Janzen,	 1995).	 Selection	 coefficients	 (differentials	 and	 gradients)	
provide	an	estimate	of	 the	change	 in	phenotype	 in	 standard	devi‐
ation	units	 for	 a	unit	 change	 in	 fitness.	All	 phenotypic	 traits	were	
scaled	and	centered	by	subtracting	from	each	population	mean	and	















wing	 length,	populations	and	 sexes	analyzed	 separately,	Pearson's	
correlation,	p	>	.110).	We	calculated	differentials	and	gradients	for	
the	whole	dataset	including	all	years	and	in	these	models,	the	iden‐
tity	of	 individuals	was	 included	as	a	 random	factor,	except	 for	 the	
brightness	of	the	Romanian	birds	for	which	we	had	data	only	for	one	
year	and	first‐time	breeders.













and	 the	 effect	 size	 (the	 relationship	 between	 laying	 date	 and	 the	
expression	 of	 secondary	 sexual	 traits),	 a	measure	 of	 the	 intensity	
of	 sexual	 selection,	 is	 large	 (Romano	 et	 al.,	 2017).	Moreover,	 in	 a	




inforcing	 the	 suitability	 of	 this	 reproductive	metric	 as	 a	 surrogate	
of	 fitness.	 For	 interpreting	 significance	 of	 selection	 coefficients,	
we	corrected	P‐values	for	false	discovery	rate,	as	this	is	a	superior	
method	for	controlling	analysis‐wide	type	I	error	when	performing	






traits	 separately	 for	 the	Czech	 and	Romanian	populations	 and	 for	












females.	Brightness	was	 lower	 in	 the	Romanian	 than	 in	 the	Czech	
population	(darker	color	in	the	former),	and	in	experienced	birds	and	
males	compared	with	first‐time	breeders	and	females,	respectively.	
Differences	 between	 age	 groups	 and	 sexes	were	 similar	 between	
populations,	 as	 indicated	by	 the	 absence	of	 significant	 interaction	







time	breeding	males	 from	both	 populations	was	 under	 significant	
directional	selection,	showing	that	barn	swallows	with	long	tails	and	
dark	 ventral	 coloration	 started	 to	 breed	 earlier.	 Selection	 differ‐
entials	on	secondary	sexual	traits	of	experienced	males	from	both	
populations	 were	 nonsignificant.	 Controlling	 for	 the	 correlative	
effect	of	wing	length	and	tarsus	length	on	secondary	sexual	traits	
proved	 that	only	 the	 tail	 length	of	 first‐time	breeding	males	 from	




for	 the	 tail	 length	 of	 experienced	 female	 barn	 swallows	 from	 the	
Czech	population	and	 for	 the	brightness	of	 first‐time	breeding	 fe‐
males	from	the	Romanian	population,	respectively	 (birds	with	 long	
tails	and	 light	ventral	 coloration	bred	earlier;	Table	2a).	After	con‐
trolling	 for	 the	correlative	effect	of	wing	 length	and	 tarsus	 length	




populations	 in	 the	 standardized	 selection	differential	 for	 the	 tail	
length	shows	that	in	the	Czech	population,	selection	on	this	trait	
is	 similar	 between	 age	 groups	 and	 between	 males	 and	 females	
(Table	 3a,	 Figure	 2).	 In	 the	 Romanian	 population,	 however,	 the	
selection	 differential	 on	 tail	 length	was	 higher	 for	 the	 first‐time	
breeders	 than	experienced	birds	and	 for	males	 than	 for	 females,	
respectively.	When	 the	 selection	 differentials	 of	 the	 two	 popu‐
lations	 were	 analyzed	 together,	 the	 significant	 population	 ×	 age	
and	 population	 ×	 sex	 interactions	 revealed	 differences	 between	
age	groups	and	sexes	among	populations.	That	 is,	 the	difference	
between	first‐time	breeders	and	experienced	birds,	and	between	
males	 and	 females	was	 significant	 for	 the	 Romanian	 population,	












 df χ2 p
Tail	length	(N	=	828	individuals)
Population 1 30.12 .0001
Age 1 126.51 <.0001
Sex 1 1,085.33 <.0001
Population	×	Age 1 5.13 .024
Age	×	Sex 1 9.39 .002
Ventral	feather	brightness	(N	=	505	individuals)
Population 1 9.62 .002
Age 1 4.04 .044
Sex 1 16.67 <.0001
Year 6 157.39 <.0001
Laying	date	(N	=	828	individuals)
Population 1 9.13 .003
Age 1 5.93 .015
Sex 1 4.88 .027
Year 6 9.97 .126
Age	×	Year 6 50.08 <.0001
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the	Czech	barn	swallows,	for	which	we	had	data	from	multiple	years,	
shows	that	the	selection	on	this	trait	is	similar	between	age	categories	
and	between	males	and	females	(sex:	F	=	0.00,	p = .9910; age: F	=	1.17,	
p	=	.2911;	sex	×	age	interaction:	F	=	0.54,	p = .4707; df	=	1,24).	Similar	
results	were	found	when	we	used	selection	gradients	accounting	for	
size	(sex:	F	=	0.48,	p = .4947; age: F	=	1.65,	p	=	.2118;	sex	×	age	interac‐
tion:	F	=	0.21,	p = .6486; df	=	1,24).
Regression	 analyses	 of	 LMEs	 on	 second‐order	 polynomial	
terms	 of	 putative	 secondary	 sexual	 traits	 showed	 no	 significant	
effect	 of	 the	 quadratic	 term	 after	 correction	 of	 the	 significance	
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Ambrosini,	 Caprioli,	 Gatti,	 Parolini,	 Canova	 et	 al.,	 2017;	Møller	
et	al.,	2006).	However,	the	magnitude	of	selection	on	tail	 length	
differed	between	populations,	 age	 groups,	 and	 sexes:	 Selection	
was	 stronger	 in	 first‐time	 breeders	 than	 in	 experienced	 birds	
and	 in	males	 than	 in	 females	 in	 the	Romanian	population,	while	
differences	between	age	groups	and	sexes	were	slight	 in	Czech	
birds	 (Tables	 2	 and	 3).	 Selection	 on	 tail	 length	 appeared	 to	 be	
independent	of	body	size,	because	after	controlling	for	the	wing	
length	 and	 tarsus	 length,	 the	 difference	 between	 populations	
and	 groups	 remained	 the	 same.	 These	 results	 confirm	 previous	
findings,	which	have	shown	strong	directional	sexual	selection	on	
tail	 length	 in	H. r. rustica	 males,	 but	 not	 females	 (Møller	 et	 al.,	
2006;	Romano	et	al.,	2017).	Our	findings	suggest	that	the	 influ‐
ence	of	selection	may	change	with	age	and	differ	between	closely	
related	 populations,	 despite	 a	 very	 low‐level	 of	 genomic	 diver‐
gence	between	 the	Czech	 and	Romanian	 barn	 swallows	 (Safran	
et	 al.,	 2016;	Wilkins	 et	 al.,	 2016).	One	 possible	 explanation	 for	
this	populational	 difference	 in	 selection	on	 tail	 length	might	be	




(A) Standardized directional selection differentials
 
CZ RO
N s (SE) t p N s (SE) t p
Male
Tail	length
First‐time	breeders 134 –0.043	(0.022) –1.96 .0520 138 –0.065 (0.021) –3.11 .0023
Experienced	birds 156 –0.015	(0.030) –0.49 .6268 159 –0.004	(0.017) –0.21 .8349
Ventral	feather	brightness
First‐time	breeders 134 0.051 (0.022) 2.36 .0200 17 0.099 (0.042) 2.38 .0310
Experienced	birds 156 –0.051	(0.029) –1.75 .0819 17 0.050	(0.048) –1.03 .3204
Female
Tail	length
First‐time	breeders 161 –0.023	(0.018) –1.28 .2039 178 –0.019	(0.018) –1.06 .2898
Experienced	birds 150 –0.098 (0.034) –2.93 .0041 128 0.024	(0.022) 1.10 .2718
Ventral	feather	brightness
First‐time	breeders 161 0.015	(0.018) 0.86 .3934 14 –0.076 (0.033) –2.29 .0410
Experienced	birds 150 –0.015	(0.034) –0.45 .6520 16 –0.048	(0.034) –1.39 .1857
(B) Partial directional selection differentials, controlling for wing and tarsus length
 
CZ RO
N β (SE) t p p adj N β (SE) t p p adj
Male
Tail	length
First‐time	breeders 134 –0.038	(0.023) –1.67 .0978 .1572 138 –0.078 (0.023) –3.43 .0008 .0024
Experienced	birds 156 –0.020	(0.033) –0.62 .5397 .8096 159 0.001	(0.019) 0.04 .9666 .9666
Ventral	feather	brightness
First‐time	breeders 134 0.050	(0.021) 2.33 .0213 .0639 17 0.099	(0.046) 2.17 .0493 .1480
Experienced	birds 156 –0.050	(0.030) –1.69 .0926 .2779 17 –0.050	(0.049) –1.02 .3245 .4868
Female
Tail	length
First‐time	breeders 161 –0.028	(0.019) –1.47 .1444 .4053 178 –0.018	(0.019) –0.94 .3497 .8480
Experienced	birds 150 –0.114 (0.038) –2.98 .0035 .0104 128 0.017	(0.023) 0.75 .4543 .6020
Ventral	feather	brightness
First‐time	breeders 161 0.015	(0.018) 0.83 .4104 .6153 14 –0.071	(0.038) –1.85 .0949 .2846
Experienced	birds 150 –0.022	(0.035) –0.63 .5316 .7975 16 –0.049	(0.046) –1.07 .3054 .8996










more	 favorable	microhabitat	 conditions.	The	difference	 in	colo‐
nial	behavior	between	the	two	populations	may	explain	the	more	
intense	selection	on	tail	length	for	early	laying	in	first‐time	breed‐
ing	males	 from	 the	Romanian	 population,	where	 the	 number	 of	
favorable	breeding	sites	is	probably	more	limited,	because	expe‐
rienced	birds	arrive	first	and	occupy	most	of	 the	preferred	nest	
sites	 (PLP,	 pers.	 obs.).	 These	 differences	 can	 also	 be	 explained	
with	 the	 amount	 of	 variance	 in	 streamer	 length	 across	 age	 cat‐
egories,	because	older	birds	are	expected	to	be	near	their	maxi‐
mal	 character	 length	 and	 therefore	 there	 is	 not	much	 variation	
on	 which	 selection	 to	 work.	 However,	 age	 groups	 were	 similar	
in	homogeneity	of	variances	(Levene's	test:	F	<	0.02,	df	<	1,288,	
p	>	.9251;	see	Figure	1),	which	does	not	support	this	hypothesis.




CZ RO CZ + RO
df F p df F p df F p
(A)	Factors	influencing	directional	selection	on	tail	streamers
Age 1 1.48 .2355 1 7.64 .0120 1 0.12 .7330
Sex 1 1.08 .3091 1 8.25 .0094 1 0.29 .5910
Population –   –   1 2.29 .1369
Age	×	Sex 1 2.86 .1036 1 0.22 .6417 1 2.92 .0941
Population	×	Age –   –   1 5.47 .0239
Population	×	Sex –   –   1 5.04 .0298
Error 24   20   45   
(B)	Factors	influencing	directional	selection	on	tail	streamers,	controlling	for	wing	and	tarsus	length
Age 1 4.48 .0448 1 1.71 .2063 1 0.93 .3403
Sex 1 1.09 .3079 1 5.85 .0253 1 0.27 .6056
Population –   –   1 1.90 .1748
Age	×	Sex 1 0.27 .6090 1 0.63 .4373 1 2.92 .0941
Population	×	Age –   –   1 5.89 .0193
Population	×	Sex –   –   1 4.79 .0339
Error 24   20   45   
F I G U R E  2  Difference	between	sexes	and	age	categories	(circle—experienced	birds,	square—first‐time	breeders)	in	the	selection	
differential	for	the	tail	length	measured	over	subsequent	years	in	the	Czech	(2011–2017)	and	the	Romanian	(2012–2107)	barn	swallow	
population	(for	the	statistics	see	Table	3).	Mean	±	SD





European	 and	North	African	barn	 swallow	populations	 (Møller	 et	
al.,	2006),	albeit,	the	selection	differential	for	experienced	birds	in	
the	Romanian	population	is	among	the	smallest	of	the	studied	pop‐
ulations	of	H. r. rustica.	One	explanation	 for	 the	weak	directional	
selection	on	 tail	 length	 is	 related	with	 the	admixture	of	our	pop‐
ulations	 to	 the	 proximal	H. r. transitiva,	which	 is	 characterized	 by	




present	between	H. r. rustica	and	H. r. transitiva	 (Dor	et	al.,	2012),	
despite	 their	 apparent	differences	 in	morphology	 and	 life‐history	
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